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INTRODUCTION

The mannose 6-phosphate/insulin-like growth factor II receptor (M6P/IGF2R)
gene encodes for a receptor that plays a critical role in regulating the bioavailability of
extracellular proteolytic enzymes and growth factors known to be involved in
carcinogenesis (1,2). Our recent findings indicate that the M6P/IGF2R also functions as
a tumor suppressor gene in liver, breast, and lung cancer (2,3,4,5). We have determined
that the frequency of monoallelic M6P/IGF2R expression in breast cancer patients is
higher than that of age-matched controls. However, we have also demonstrated that the
M6P/IGF2R is not imprinted in humans (6). Therefore, the observed monoallelic
M6P/IGF2R expression in breast cancer cannot be attributed to aberrant imprint
regulation.

BODY

Genomic imprinting is a non-Mendelian, parent-of-origin inherited, epigenetic
form of gene regulation that results in monoallelic expression. The M6P/IGF2R is
imprinted in both rats and mice, but the imprint status in humans at this locus has been
reported to be polymorphic (7,8; for review see 2,4,9,10,11). Because of this species
difference in M6P/IGF2R imprinting, rodents would be predicted to be more sensitive
than humans to cancer because only one allele would need to be mutated to inactivate its
tumor suppressor function (2,10). Therefore, it is important to better understand the
phenomenon of genomic imprinting, and its modification by both genotoxic and non
genotoxic agents since rodents are used as surrogates for human cancer risk assessment
(11,12).

The literature reports of M6P/IGF2R imprinting suggest that this gene may be
polymorphically imprinted in humans, with some individuals expressing only the
maternal allele and most other individuals expressing both parental alleles. Because of
this uncertainty, and also due to our previous finding in Wilms tumor patients with
monoallelic upstream M6P/IGF2R expression and biallelic downstream M6P/IGF2R
expression, we wished to establish whether the M6P/IGF2R is subject to genomic
imprinting. For some genes, imprinting can be age-dependent, with imprinted expression
occurring only during early development. Therefore, to determine if the human
M6P/IGF2R is imprinted, we utilized organ tissues derived from 75 human conceptuses
(40 first trimester and 35 second trimester). Using six polymorphisms within the
M6P/IGF2R that were discovered in our laboratory (13), all informative conceptuses
(46/75; 61%) were shown to express M6P/IGF2R biallelically (6). This analysis showed
that the M6P/IGF2R is not subject to genomic imprinting during fetal development.
Recent additional experimental evidence from our laboratory, based on a detailed
analysis of the evolution of imprinting of the M6P/IGF2R indeed supports that the
M6P/IGF2R is not imprinted in humans (6,14).

Genomic imprinting is postulated to have evolved because of a parent-offspring
conflict to control fetal growth. This parental "tug-of-war" model predicts that only
eutherian mammals would have imprinted genes because of the intrauterine development
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of their offspring. We tested this postulate by comparing M6P/IGF2R imprinting in
monotremes (i.e. echidna and platypus), marsupials (i.e. opossum) and eutherian
mammals (i.e. mouse, rat, pig, cow, bat, flying lemur, tree shrew, ringtail lemur and
humans). Our findings demonstrate that M6P/IGF2R is not imprinted in the egg-laying
platypus and echidna, whereas it is imprinted in the opossum (14). Thus, imprinting
evolved in viviparous mammals over 100 million years ago; however, since the opossum
lacks a fetal stage of development, invasive placentation and intrauterine fetal growth are
not required for genomic imprinting to evolve. The M6P/IGF2R in both the monotremes
and didelphid marsupials also lacks the differentially-methylated CpG island in intron 2
previously postulated to be mechanistically involved in imprint control in mice. This
demonstrates the existence of alternative mechanisms of M6P/IGF2R imprint
establishment and maintenance. Our results also indicate that monotremes and
marsupials are not as closely related as predicted by the Marsupionta model; instead, they
support the morphology-based Theria hypothesis of mammalian evolution (15).

We have also shown that although the M6P/IGF2R is imprinted in mice, rats,
pigs, cows, and bats, imprinting at this locus was lost approximately 70 million years ago
with the evolution of the higher mammalian orders: Dermoptera (e.g. flying lemurs),
Scandentia (e.g. tree shrews), and Primates (e.g. ringtail lemurs and humans) (6). This
finding provides compelling evidence that M6P/IGF2R imprinting is not a polymorphic
trait in humans since convergent evolution of M6P/IGF2R imprinting would have had to
have occurred in humans. This highly unlikely possibility is also supported by our
inability to demonstrate M6P/IGF2R imprinting in either fetal or adult human tissues.
The lack of M6P/IGF2R imprinting in humans has important ramifications in toxicology
because it strongly indicates that although the M6P/IGF2R functions as a tumor
suppressor in humans and rodents, rodents are at heightened susceptibility to tumor
formation because of the imprinted status and consequent functionally haploid state of the
M6p/Igf2r.

KEY RESEARCH ACCOMPLISHMENTS

" M6P/IGF2R is frequently mutated in human breast, liver and lung cancer suggesting
it functions as a tumor suppressor gene.

" Monoallelic M6P/IGF2R 3' end gene expression was found in 2/32 (6.3%) of breast
cancer patients, suggestive of a posttranscriptional mechanism which results in the
production of a single or truncated mRNA species.

"* In Wilms tumor patients, a truncated M6P/IGF2R transcript is produced from one
allele with the site of truncation within intron 10 of the M6P/IGF2R gene.

"* M6P/IGF2R is not imprinted in humans.

* M6P/IGF2R imprinting (i.e. maternal expression) and receptor IGF2 binding evolved
in an ancestor common to marsupials and eutherian mammals.
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" The evolutionary loss of imprinting of the M6P/IGF2R in higher mammals
(Dermoptera, Scandentia, and Primates) approximately 70 million years ago supports
that the M6P/IGF2R is not imprinted in humans.

"* The finding that the M6P/IGF2R is not imprinted in humans indicates that imprinting
is not a contributing factor in the etiology of breast cancer and Wilms tumor.

REPORTABLE OUTCOMES

"* Killian, J.K., and Jirtle, R.L. Genomic structure of the human M6P/IGF2 receptor.
Mammt Genome 10: 74-77, 1999.

"* Falls, J.G., Wylie, A.A., Pulford, D.J., and Jirtle, R.L. Genomic imprinting:
implications in human disease. Am. J. Pathol. 154: 635-647, 1999.

"* Jirtle, R.L. Genomic imprinting and cancer. Exp. Cell Res. 248: 18-24, 1999.
"* Devi, G.R., De Souza, A.T., Byrd, JC, Jirtle. R.L., and MacDonald, R.G. Altered

ligand binding by insulin-like growth factor II/mannose 6-phosphate receptors
bearing missense mutations in human cancers. Cancer Res. 59: 4314-4319, 1999.

"* Byrd, J.C., Devi, G.R., De Souza, A.T., Jirtle, R.L., and MacDonald, R.G. Disruption
of ligand binding to the insulin-like growth factor II/mannose 6-phosphate receptor
by cancer-associated missense mutations. J. Biol. Chem. 274: 24408-24416, 1999.

"* Jirtle, RL. Mannose 6-Phosphate Receptors. In: Encyclopedia of Molecular Biology,
(Creidton, T.E., ed.), pp. 1441-1447, Wiley-Liss, Inc., New York, New York, 1999.

"* Jirtle, R.L., Sander, M., and Barrett, J.C. Genomic imprinting and environmental
disease susceptibility. Environ. Health Perspect. 108: 271-278, 2000.

"* Murphy, S.K., and Jirtle, R.L. Imprinted genes as potential genetic and epigenetic
toxicologic targets. Environ. Health Perspect. 108 (Suppl 1): 5-11, 2000.

"* Killian, J.K., Byrd, J.C, Jirtle, J.V., Munday, B.L., Stoskopf, M.K., and Jirtle, R.L.
M6P/IGF2R imprinting evolution in mammals. Mol. Cell 5: 707-716, 2000.

"* Kong, F., Anscher, M.S., Washington, M.K., Killian, J.K., Jirtle, R.J. M6P/IGF2R is
mutated in squamous cell carcinoma of the lung. Oncogene 19:1572-1578, 2000.

"* Wylie, A. A., Murphy, S. K., Orton, T. C., Jirtle, R. L. Regulatory Motifs of the
Novel Imprinted Domain, DLK1/GTL2, Mimic Those of IGF2/H19. Genome Res.
10:1711-1718, 2000.

"* Murphy, S.K., Wylie, A.A., Jirtle, R.J. Imprinting of PEG3, the human homolog of a
gene involved in nurturing behavior. Genomics 71(1):110-117, 2001.

"* Evans, H.K., Wylie, A. A., Murphy, S. K., Jirtle, R.L. NNAT resides in a micro-
imprinted domain on human chromosome 20ql 1.2. Genomics. In press.

0 Killian, J.K., Oka, Y., Jang, H., Fu, X., Waterland, R.A., Sohda, T., Sakaguchi, S.,
Jirtle, R.L. Mannose 6-phosphate/insulin-like growth factor 2 receptor (M6P/IGF2R)
variants in American and Japanese populations. Hum. Mutat. 18, 25-31, 2001.

"* Nolan, C.M., Killian, J.K., Petitte, J.N., Jirtle, R.L. Imprint status of M6P/IGF2R and
IGF2 in chickens. Dev. Genes Evol. 211:179-183, 2001.

"* Killian, J.K., Buckley, T.R., Stewart, N., Munday, B.L., Jirtle, R.L. Marsupials and
Eutherians reunited: genetic evidence for the Theria hypothesis of mammalian
evolution. Mamm. Genome 12:513-517, 2001.
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"* Murphy, S. K., Jirtle, R.L. Non-genotoxic Causes of Cancer. In: The Cancer
Handbook (Alison, M.R., and N. G. Gooderham, eds). Nature Publishing Group
Reference, London. In press.

"* Killian, J.K., Li, T., Nolan, C.M., Vu, T., Hoffman, A.R., Jirtle, R.L. Divergent
evolution in genomic imprinting from the Jurassic to the Quaternary. Hum. Mol.
Genet. In press.

"* Killian, J.K., Nolan, C.M., Stewart, N., Munday, B.L., Andersen, N.A., Stewart
Nicol, S., Jirtle, R.L. Monotreme IGF2 expression and ancestral origin of genomic
imprinting. J. Exp. Zoology. In press.

CONCLUSIONS

In conclusion, there is now compelling mutational and functional evidence that the
M6P/IGF2R is a tumor suppressor that is frequently inactivated during the early stages of
human cancer formation. M6P/IGF2R loss of function not only provides cancer cells
with an early growth advantage, but also confers enhanced resistance to radiotherapy
treatment. However, the lack of M6P/IGF2R imprinting indicates that this gene does not
confer susceptibility to human cancer because of genomic imprinting. This important
result stresses the need for careful extrapolation of rodent carcinogenic risk assessment
data to humans, since rodents are indeed imprinted at this locus and are therefore at
heightened susceptibility to tumor formation because of the haploid expression of the
M6p/Igf2r. Future studies investigating the tumor suppressive role of the M6P/IGF2R in
human breast cancer can now focus on disruptions both to the biological functions this
important protein serves in tumor cells and the regulatory mechanisms controlling its
expression.
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Abstract Genomic imprinting is a method of gene regu- ports that it resulted from a parental genetic "tug-of-war"
lation whereby a gene is expressed in a parent-of-origin- to control maternal-dependent growth of mammalian off-
dependent fashion; however, it is hypothesized that im- spring (Moore and Haig 1991). According to this hypoth-
printing should not occur in oviparous taxa such as birds. esis, growth of the offspring should be promoted by pa-
Therefore, we examined the allelic expression of two ternally expressed genes and limited by those that are ma-
genes in the chicken that are reciprocally imprinted in ternally expressed. Furthermore, the duration and extent
most mammals, mannose 6-phosphate/insulin-like of prenatal growth and postnatal care should be major
growth factor 2 receptor (M6P/IGF2R) and insulin-like driving forces in the evolution of genomic imprinting.
growth factor 2 (IGF2). Single nucleotide polymor- The reciprocal imprinting of mannose 6-phosphate!
phisms were identified in these genes, and cDNA was insulin-like growth factor 2 receptor (M6P/IGF2R) and in-
prepared from several tissues of embryos heterozygous sulin-like growth factor 2 (IGF2) in mice and the pheno-
for these polymorphisms. Both alleles of M6P/IGF2R types of mice deficient in their expression provide support
and IGF2 were expressed in all tissues examined by for the genetic conflict hypothesis. Paternally expressed
RT-PCR. Since the expression of these genes was inde- IGF2 encodes for a critical fetal mitogen, and mice
pendent of the parent from which they were inherited, deficient in this growth factor have a dwarf phenotype
we conclude that neither M6P/IGF2R nor IGF2 are im- (DeChiara et al. 1990) while mice over-expressing Igf2 are
printed in the chicken. larger than normal (Leighton et al. 1995). The M6P/IGF2R

in viviparous mammals binds IGF2 and phosphomannosyl
Keywords Genomic imprinting • Biallelic expression glycoproteins through independent binding sites and limits
Chicken . IGF2 . M6P/IGF2R the biological activity of IGF2 by targeting the growth

factor for degradation in lysosomes (Nolan et al. 1990;
Kornfeld 1992; Dahms et al. 1993; Killian et al. 2000). The

Introduction M6PR/IGF2R in mice is expressed only from the maternal
allele (Barlow et al. 1991), and animals lacking M6PR/

Genomic imprinting is a phenomenon whereby gene ex- IGF2R accumulate excess IGF2, have somatic overgrowth
pression is parent-of-origin dependent. It appears to have and die perinatally (Lau et al. 1994; Wang et al. 1994;
evolved over 100 million years ago (Killian et al. 2000) Ludwig et al. 1996; Nolan and Lawlor 1999).
and the actively debated genetic conflict hypothesis pur- The genetic conflict hypothesis also predicts that genes

that regulate embryonic development would not be im-
Edited by D. Tautz printed in oviparous taxa because in these animals genes
C.M. Nolan • J.K. Killian • R.L. Jirtle (X) expressed during embryogenesis cannot influence the
Departments of Radiation Oncology and Pathology, amount of resources they receive from the mother (Haig
Duke University Medical Center, Durham NC 27710, USA and Graham 1991). However, recent work in the chicken
e-mail: jirtle@radonc.duke.edu
Tel.: +1-919-6842770, Fax: +1-919-6845584 examining the imprinted status of IGF2 has yielded con-
URL: http://www.geneimprint.com flicting results. Koski et al. (2000) reported that IGF2 was

C.M. Nolan expressed monoallelically in some embryos from either

Department of Zoology, University College Dublin, Dublin, paternal or maternal alleles. At the same time O'Neill et
Ireland al. (2000) reported that IGF2 was expressed in chick em-

James N. Petitte bryos in a strictly biallelic manner. Therefore, we re-

Department of Poultry Science, North Carolina State University, examined the allelic expression of chicken IGF2 and
Raleigh, NC 27695-7608, USA examined expression of chicken M6PR/IGF2R for the first
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time, and discovered that expression was biallelic for both pial mammals with only the paternal allele being
genes. Our findings are consistent with the predictions of expressed (DeChiara et al. 1990; Rainier et al. 1993;
the genetic conflict hypothesis. Overall et al. 1997; Feil et al. 1998; O'Neill et al. 2000).

Tissue-specific biallelic expression of IGF2 does occur,
however, in mouse and human brain (Hu et al. 1995;

Materials and methods Pham et al. 1998) and adult human liver (Vu and
Hoffman 1994). Allelic expression of IGF2 has also

Fertile chicken eggs (White Leghorn or Barred Plymouth Rock been analyzed in the chicken, with independent studies
strains) were generated at North Carolina State University Depart- generating conflicting results (Koski et al. 2000; O'Neill
ment of Poultry Science by artificial insemination of females and
were incubated at 37.5°C and 60% relative humidity. Three-day- et al. 2000). Further analysis of IGF2 expression in this
old embryos were dissected free of membranes, frozen immediate- species is therefore required.
ly on dry ice and stored at -80'C. Individual tissues (i.e. liver, We identified a T to C transition in exon 3 of the
lungs, heart, skeletal muscle and brain) were removed from IGF2 coding sequence of White Leghorn chickens (posi-
17-day-old embryos and treated similarly. Blood was withdrawn
from adult chickens into heparinized syringes and frozen at -80'C. tion 936 of Accession no. AF218827; position 943 of

DNA and total RNA were isolated from whole adult blood or Accession no. S82962). Amplified genomic DNA pre-
from embryos or tissues using DNA-STAT 120 or RNA-STAT-60 pared from skeletal muscle of 17-day-old chicken em-
according to the manufacturer's instructions (Tel-test, Friendswood, bryos (n=18) identified six individuals heterozygous for
Tex.). RNA (1-5 pg) was reverse transcribed using Superscript 11 this single nucleotide polymorphism (SNP). RNA and
and oligodT primers, according to the manufacturer's instructions
(Life Technologies, Grand Island, N.Y), and 1/40 of the cDNA ob- cDNA were then prepared from liver, lungs, heart, skele-
tained was used as a template for PCR amplification. PCR was rou- tal muscle and brain of these informative embryos. Both
tinely performed in a 30-pl reaction volume using 1.5 U platinum IGF2 alleles were found to be expressed in all tissues ex-
Taq DNA polymerase (Life Technologies, Baltimore, Md.), 15 pmol amined (Fig. 1). We also found biallelic IGF2 expression
primers, 1.5 mM MgCl 2, and 100 pM dNTPs (94 0Cx15 s, 65°Cx5 s,
and 72°Cx60 s for 35 cycles). Amplification products were purified in heterozygous 3-day-old embryos (n=17, data not
from agarose gels using GenElute spin columns (Sigma, St Louis, shown). These results are consistent with the conclusion
Mo.). They were sequenced manually using radiolabeled terminator of O'Neill et al. (2000) that IGF2 is not imprinted in
cycle sequencing (USB Corporation, Cleveland, Ohio) or with an the chicken and agree with the prediction of the genetic
automated ABI 377 sequencer (PE Biosystems, Foster City, Calif.)
using the manufacturer's BigDye terminator cycle sequencing kit.

Polymorphic sites were identified in the chicken M6PRIIGF2R
using genomic DNA amplified with primers designed to puta- A C G T A C G T A C G T
tive exon 48, M6PR48F2 (5'-gggaaggagagaa-agatgtcatggttg) and
M6PR48R1 (5'-ggaatacccacgtcatatcttttattg-aaattgc); the amplified
fragment was sequenced using the ABI 377 sequencer (PE Bio- *N o-
systems, Foster City, Calif.). For analysis of allelic expression . n M A
of the M6PR/IGF2R, cDNA was amplified using M6PR48Rl A/G -I

and a primer located in exon 47 of the gene, M6PR47F1 (5'-
ctgcagaagaacatcgggtgttc); the amplified fragment was sequenced
using M6PR48Rl. Chicken M6PR/IGF2R intron 2 was amplified ______using primers Int2F (5'-tgtggaagatcaagtgcagtct) and Int2R (5'- mo Aft '*o mow

ggtgctcactgccttgctgg), designed with reference to sequences in ex-
on 2 and exon 3, respectively (Zhou et al. 1995). The Expand DNA
Long Template PCR system (Roche Boehringer Mannheim, India- Brain Heart
napolis, Ind.) was used with buffer 3 and amplification conditions
of 94°Cx10 s, 61Cx20 s, and 68 0Cx4 min for 30 cycles. The
amplified fragment was sequenced using intron-specific primers A C G T A C G T A C G T
(sequences available from the authors by request) by a combina-
tion of manual and automatic sequencing, and was analyzed by
Grail informatics (http://compbio.onl.gov/grail-bin/EmptyGrail-
Form). The complete sequence of intron 2 of the chicken
M6P/IGF2R is deposited in GenBank (Accession No. AF30558 1 ). AjG

To identify single nucleotide polymorphisms in chicken IGF2, :G"k

a portion of the gene was amplified using primers IGF2F2 (5'-
cctcccagccctcaacaag) and IGF2R2 (5'-tcccc-aggagatcacaaatcgag)
and sequenced using the ABI 377 sequencer. These primers span
an intron and were also used to amplify IGF2 cDNA. Allelic
expression was analyzed by manual sequencing with the primer cDNA cDNA cDNA
IGF2R5 (5'-ccgctgcgagctcttcttc). Liver Lung Muscle

Fig. 1 Allelic expression of the chicken insulin-like growth factorResults and discussion 2 (IGF2). Sequence analysis of genomic DNA amplified from
skeletal muscle of a 17-day-old chicken embryo identifies an indi-

Imprint status of IGF2 in chickens vidual heterozygous for a T to C polymorphism (arrow, sequenced
in reverse direction). Similar analysis of cDNA prepared from em-
bryonic tissues of the same embryo demonstrates expression of

IGF2 has been highly conserved in vertebrate evolution both alleles. The analysis shown is representative of all informa-
and is imprinted in all investigated eutherian and marsu- tive embryos analyzed
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conflict hypothesis that genes that regulate embryonic pothesis, M6P/IGF2R is predicted to be biallelically ex-
"development would not be imprinted in members of pressed in the chicken as it is in monotremes (Killian
oviparous taxa (Moore and Haig 1991). et al. 2000).

Koski et al. (2000) also examined IGF2 expression in Allelic expression of the chicken M6P/IGF2R was
chicken embryos and reported that 33% of chickens have determined with a G to A transition SNP at nucleotide
monoallelic expression from either the paternal or mater- position 8,637 in the 3'UTR (Accession No. U35037).
nal allele. They concluded that imprinting at the IGF2 Embryos heterozygous for the polymorphism were iden-
locus is a polymorphic trait. Thus, there is a significant tified by sequencing of genomic DNA isolated from the
discrepancy between these results and our observations skeletal muscle of 24 embryos. RNA was then extracted
and those of O'Neill et al. (2000). This discrepancy does from several tissues of these informative embryos (5
not result from IGF2 imprinting being dependent upon White Leghorn, and 2 Barred Plymouth Rock). RT-PCR
stage of development since we found biallelic IGF2 ex- was used to amplify the region containing the polymor-
pression in 3-day-old embryos, the same age studied by phism, and the amplified fragment was sequenced to
Koski et al. (2000). Each of the heterozygote embryos identify expressed alleles. In all heterozygous embryos
we examined was based on separate individual matings examined and in all tissues examined (i.e., liver, lungs,
of an out-bred line of chickens and we did not find any heart, skeletal muscle and brain) both alleles of M6P/
evidence for polymorphic IGF2 imprinting. There are IGF2R were expressed (Fig. 2). We also showed biallelic
several possible reasons for the observed difference in expression of M6P/IGF2R in blood of heterozygous
imprint status of chicken IGF2. Apparent monoallelic adult chickens (n=21, data not shown). Therefore, we
expression of a non-imprinted IGF2 gene could result conclude that the chicken M6P/IGF2R is not imprinted.
from the preferential PCR amplification of a single allele Thus, the M6P/IGF2R's acquisition of IGF2 binding,
when template DNA/cDNA concentration is low. It and its resultant ability to limit embryonic growth by
could also result from genetic anomalies such as somatic degrading IGF2, appears to be closely related to the evo-
mosaicism in the parents or loss of heterozygosity at the lution of imprinting at the M6P/IGF2R locus.
IGF2 locus in embryos. Such anomalies do occur in the The molecular mechanism by which the imprinted
chicken and karyotypic mosaicism (Abdel-Hameed and status of the M6P/IGF2R is achieved and maintained
Shoffner 1971) and triploidy (Ohno et al. 1963) can be
compatible with viable postnatal life in this species. In
addition parthenogenetic chickens can develop to maturi- A C G T A C G T A C G T
ty (Sarvela 1973). Rather than inferring the genotype of
embryos from those of their parents, embryos should be
accurately genotyped to guarantee that they are heterozy-
gous at the investigated polymorphic locus. It may be C
significant that the embryos analyzed by Koski et al. . %k..

(2000) were not reported as having been genotyped and "W 4

that monoallelic expression was limited to the offspring 40 .
of one specific male. Therefore, the random monoallelic
expression described by Koski et al (2000) clearly does DNA cDNA cDNA
not constitute the parent-of-origin-dependent expression Brain Heart
that is the hallmark of imprinted genes. Taken together
with the results of the current study, the available evi-
dence is most consistent with IGF2 not being imprinted A C G T A C G T A C G T
in chickens.

Imprint status of M6P/IGF2R in chickens cr
In viviparous mammals the M6P/IGF2R encodes for a
receptor that binds both phosphomannosyl glycoproteins 0
and IGF2 through independent binding sites (Kornfeld cDNA cDNA cDNA1992; Dahms et al. 1993; Yandell et al. 1999). The platy-pus, chicken and Xenopus receptors lack the ability to Liver Lung Muscle
bind IGF2, however (Clairmont and Czech 1989; Zhou Fig 2 Allelic expression of the chicken mannose 6-phosphate/in-
et al. 1995; Killian et al. 2000). It has been proposed that sulin-like growth factor 2 receptor (M6P/IGF2R). Sequence analy-
IGF2 binding by M6P/IGF2R evolved in response to sis of genomic DNA amplified from skeletal muscle of a 17-day-
high levels of paternally produced IGF2 (Haig and old chicken embryo identifies an individual heterozygous for a G
Graham 1991), and that natural selection would have fa- to A polymorphism (arrow, sequenced in reverse direction). Simi-

lar analysis of cDNA prepared from embryonic tissues of the same
vored inactivating the paternal allele once the receptor embryo demonstrates expression of both alleles. The analysis
acquired its ability to bind IGF2. According to this hy- shown is representative of all informative embryos analyzed
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To test for the presence of an avian element with fea-

tures similar to those of mouse and human region 2, we
S 11111 IIIII CpG amplified and sequenced the entire second intron of the

En EII3 chicken M6P/IGF2R. The intron was approximately 5 kb
GpC in length, smaller than those of mouse, human and platy-

5', 3 pus, but similar to that of the opossum (Fig. 3; St6ger
0 1000 2000 3000 4000 5000 et al. 1993; Smrzka et al. 1995; Killian et al. 2000). A

Nucleotide Number chicken repeat 1 (CR1) element was found at the 3' end
of the intron (Vandergon and Reitman 1994). However,

Fig. 3A-C Distribution of CpG and GpC dinucleotides in mouse, the intron had no features characteristic of a CpG island.
human and chicken M6P/IGF2R intron 2. A The positioning of It did not have a high G+C content or any clustering of
CpG and GpC sites in the mouse M6P/IGF2R intron 2 reveals a CpG dinucleotides (Fig. 3), and G/C boxes, a regular oc-
1.5-kb CpG island (Wutz et al. 1997) indicated by a solid hori- currence in CpG islands (Gardiner-Garden and Frommer
zontal bar. B The human M6P/IGF2R intron 2 also contains a
CpG island (Smrzka et al. 1995). C Chicken intron 2 lacks a CpG 1987), are entirely missing from the sequence. Thus,
island although region 2 was reported to be present in birds

(Stbger et al. 1993), our results demonstrate that chicken

is currently unclear. Monoallelic expression of the M6P/IGF2R intron 2 does not contain a CpG island anal-

M6P/IGF2R in mice is purported to depend on differen- ogous to those in mice and humans (St5ger et al. 1993;

tial methylation of a CpG island in the second intron (re- Smrzka et al. 1995). The absence of region 2 in the

gion 2; Sttger et al. 1993). Hybridization studies initially chicken, platypus and opossum, together with the lack of

indicated that region 2 was present in primates, mice sequence homology between mouse region 2 and human

and birds (St6ger et al. 1993). Although a homologous region 2, suggest that such elements may have evolved

element was reported in humans (Smrzka et al. 1995), independently in several mammalian orders. Analysis of

the human M6P/IGF2R is expressed from both alleles the M6P/IGF2R in additional marsupial and eutherian

(Kalscheuer et al. 1993; Ogawa et al. 1993). The rela- mammals is necessary to clarify the involvement of

tionship of mouse region 2 to that of the human is un- region 2 in regulating imprinting of the M6P/IGF2R.

clear, as there is no significant sequence homology be- In conclusion, our demonstration that chicken IGF2

tween them. Nevertheless, they share a high level of or- and M6P/IGF2R are both expressed biallelically is con-

ganizational similarity with human region 2, also in in- sistent with the predictions of the genetic conflict hy-
tron 2, containing a CpG island with maternal-specific pothesis of imprint evolution (Moore and Haig 1991).

methylation. In contrast to initial indications that region Our data also support the idea that the reciprocal im-

2 was widely conserved (St6ger et al. 1993; Smrzka et printing of these genes in viviparous mammals is closely

al. 1995), the platypus and opossum M6P/IGF2R do not related to their opposing effects on embryonic growth.

have a region 2-like element (Killian et al. 2000). Since Acknowledgements We would like to acknowledge the expert
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Abstract In ascidians, the events of metamorphosis Introduction
transform the non-feeding, m bile tadpole larva into a
filter-feeding, fixed juvenile, a the process involves The events of ascidian metamorphosis transform the
rearrangements of cells, two org ns and physiological non-feeding, obile tadpole larva into a filter-feeding,
changes. Differential screening wa used to isolate two fixed juve ie (Cloney 1982; Satoh 1994; Jeffery and
genes that are not expressed in swim ing larvae but are Swalla 1 7). Metamorphosis involves numerous rapid
expressed immediately after the initia 'on of metamor- morpho enetic movements and physiological changes
phosis in Ciona intestinalis. One of the tnes, Ci-metal, that a. initiated at the moment of settlement. According
encodes a polypeptide with a putative s cretion signal to ney (1978, 1982), the tadpole organs and tissues
sequence, 6 epidermal growth factor (EG -like repeats c be categorized into three groups: transitory larval
and 13 calcium-binding EGF-like repeats. e gene be- rgans (TLO), prospective juvenile organs (PJO), and
gins to be expressed immediately after the be inning of larval-juvenile organs or tissues (LJO). TLO function in
metamorphosis in the adhesive organ and is ii ly to larval locomotion (notochord and muscle), sensory input
associated with the signal response for meta h is. (otolith and ocellus), and settlement (papillae). They are
Another gene named Ci-meta2 encodes a protein ith a fully differentiated in the larva, but are destroyed or, in
putative secretion signal and three thrombospon in ype- the case of the fins, lost during metamorphosis. PJO are
1 repeats. Ci-meta2 gene expression begins at e 1 val in an arrested state of development in the larva, and they
stage and is upregulated in the metamorp sing ju e- may become functional either shortly after settlement or
niles. Ci-meta2 expression is found in thr regions; th following further histogenesis. LJO are organs or tissues
adhesive organ which is also associated ith settlement, that function in both the larval and post-larval phases of
the neck region between the trunk d the tail of the the life cycle. Therefore, metamorphosis is accomplished
larva which is associated with tail r orption, and dorsal dynamic changes in all three types of tissues and or-
regions of the trunk which corres ond to the location ofgas s. In addition, the beginning of metamorphosis can be
the siphon primordium. This ne may be involved in trig ered in the non-feeding larvae by artificial cues
the dynamic arrangement of ls during ascidian meta- (Sat h 1994; Degnan et al.1997), and processes of meta-
morphosis. morp osis are highly synchronous among individuals.

The p cess of metamorphosis takes place within a very
Keywords Ascidians . etamorphosis .Genes. short p riod of time; the tail resorption of Ciona, for
Cell signaling • Cell r arrangement example, is accomplished in 30 min.

Recentl, Lavin and Degnan and their colleagues have
begun to aracterize molecules from ascidian tadpole
larvae that e expressed in response to specific environ-
mental cues t at trigger metamorphosis. They identified a
novel gene (Hemps), which encodes a protein with a pu-
tative secretion signal sequence and four epidermal

Edited by R.P. Elinson growth factor (EGF)-like repeats, which is a key regula-
tor of metamorphosis in the ascidian Herdmania curvata

A. Nakayama (X) • Y. Satou -N. Satoh (Arnold et al. 1997). Expression of Hemps increases
Department of Zoology, Graduate School of Science, markedly when the swimming tadpole larva becomes
Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan
e-mail: akie@ascidian.zool.kyoto-u.ac.jp competent to undergo metamorphosis and then during
Tel.: +81-75-7534095, Fax: +81-75-7051113 the first 24 h of metamorphosis (Eri et al. 1999). The
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Abstract. The three living monophyletic divisions of Class Main- masses, whereas marsupials and eutherians shared a common an-
malia are the Prototheria (monotremes), Metatheria (marsupials), cestor upon Laurasian continents (Luo et al. 2001). In accord with
and Eutheria ('placental' mammals). Determining the sister rela- the conflict hypothesis for the origin of genomic imprinting
tionships among these three groups is the most fundamental ques- (Moore and Haig 1991), the differential expression of parental
tion in mammalian evolution. Phylogenetic comparison of these alleles of certain fetal growth-regulatory genes is another therian
mammals by either anatomy or mitochondrial DNA has resulted in apomorphy shown to not be present in Prototherian ancestors
two conflicting hypotheses, Theria and Marsupionta, and has fu- (Killian et al. 2000). Furthermore, delineation of retroposon ele-
eled a "genes versus morphology" controversy. We have cloned ments in the three mammalian groups supports the earlier diver-
and analyzed a large nuclear gene, the mannose 6-phosphate/ gence of Prototheria (Gilbert and Labuda 2000).
insulin-like growth factor II receptor (M6P/1IGF2R), from repre- The value and accuracy of decades of morphological study
sentatives of all three mammalian groups, including platypus, have been discounted recently by mitochondrial DNA inference,
echidna, opossum, wallaby, hedgehog, mouse, rat, rabbit, cow, pig, which has reinvigorated Gregory's claim that monotremes are
bat, tree shrew, colugo, ringtail lemur, and human. Statistical highly-derived marsupials (Gregory 1947; Janke et al. 1997; Penny
analysis of this nuclear gene unambiguously supports the morphol- et al. 1999). The accurate resolution of the mammalian family tree
ogy-based Theria hypothesis that excludes monotremes from a is essential to determining whether the unique physical attributes
clade of marsupials and eutherians. The M6P/IGF2R was also able of marsupials and eutherians, as well as the imprinting of certain
to resolve the finer structure of the eutherian mammalian family genes, have evolved once or numerous times. If the Marsupionta
tree. In particular, our analyses support sister group relationships hypothesis proves correct, then either these characteristics repre-
between lagomorphs and rodents, and between the primates and sent phenotypic and epigenetic convergences in marsupials and
Dermoptera. Statistical support for the grouping of the hedgehog eutherians, or else they were gained and then lost in the monotreme
with Fernungulata and Chtroptera was also strong, lineage. Substantiation of the Theria hypothesis would implicate a

more parsimonious single origin for these features.
The incongruent mammalian family trees resulting from mito-

Introduction chondrial sequence analysis and morphological characters have
contributed to a divisive debate over their utilities in phylogenetic

The Class Mammalia includes the egg-laying monotremes, as well inference (Gura 2000). Thus far, only small nuclear genes have
as the more familiar live-birthing members. The viviparous mam- been applied to the Theria/Marsupionta question (i.e., <1.5 kb
mals are further divided into marsupials and eutherians, depending open reading frame; Kullander et al. 1997; Toyosawa et al. 1999),
on reproductive parameters such as placentation and the extent of and they have failed to convincingly validate either hypothesis. In
intrauterine gestation of the developing offspring. Marsupial an effort to resolve the higher order structure of the mammalian
young generally exit the womb at a significantly premature stage family tree, we have performed phylogenetic inference based on
of development relative to eutherians (Griffiths 1999; Renfree and the mannose-6-phosphate/insulin-like growth factor II receptor

Shaw 1999). A sister relationship between the marsupials and

eutherians, exclusive of monotremes, was deduced from anatomi- (M6P/IGF2R) gene from representatives of all three mammalian

cal data (Marshall 1979). Morphological synapomorphies that dis- groups, using chicken and fish homologs as outgroups.
tinguish (marsupials and Morphologica l fromynaomorpes inclu: di- The 48 exons of M6P/IGF2R produce a large 9-kb transcript,
tinguish marsupials and eutherians from monotremes include: ol- which is translated into a protein of over 2400 amino acids (Jirtle
factory bulb mitral cell organization, braincase architecture, cra- 1999). Studies in mice have established that the M6P/IGF2R is an
nial nerve distribution, inner ear cochlear architecture, mammary essential, single-copy nuclear gene that is critically involved in
glands with teats, tooth enamel, molar dentition, and foot anatomy embryogenesis (Jirtle 1999). The M6P/IGF2R has a long and well-
(Lewis 1983; Marshall 1979). established evolutionary history in the animal kingdom, with de-

Recent analyses of tribosphenic molar fossils concluded that finitive homologs identified in fish, aves, and mammals (Jirtle
monotremes and marsupials/eutherians descended from ancestors 1999; Killian et al. 2000; Nadimpalli et al. 1999). Biochemical
in geographically distinct areas: living monotremes are descen- evidence also indicates the presence of a homologous gene in
dants of an ancient mammalian clade endemic to Gondwanan land invertebrates (Lakshmi et al., 1999). We have isolated and se-

quenced novel M6P/IGF2R homologs from monotremes, marsu-
The M6P/IGF2R nucleotide sequence data reported in this paper have been pials, and eutherians, including echidna, wallaby, hedgehog, pig,
submitted to GenBank and have been assigned the accession numbers: bat, tree shrew, colugo, and ringtail lemur. To generate the main-
AF339157-163 (bat, rabbit, wallaby, lemur, tree shrew, hedgehog, colugo), malian phylogeny, these sequences were used in addition to pre-
AF339885 (pig), AF342813 (opossum), and AF342814 (echidna). viously characterized M6P/IGF2R homologs from chicken, platy-

Correspondence to: Randy L. Jirtle; E-mail: jirtle@radonc.duke.edu pus, opossum, mouse, rat, cow, and human (Jirtle 1999; Killian et
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Table 1. Cross-species M6P/IGF2R PCR primers.

Forward Primers 5' to 3' Reverse primers 5' to 3'

F primer' Sequence R primera Sequence

311F CTGTGCAGTTACACATGGGAAGC 1078R GGCATACTCAGTGATCCACTC
589F GGAACTCCTGAATTTGTAACTGCCACAG 1498R GTAGGTGCAGTCCACCTC
617F TGTGTGCATTACTTTGAATGGAGGAC 1505R GTGAAGAAGTAGGTGCAGTC

1428F GGCTTTCAGCGGATG 1642R CCATCCACTGCTTCCCA
1450F ATGAGTGTCATAAACTTTGAGTGC 1921R GCACTTTCTAGATCACCTGG
1451F TGTCATAAACTTTGAGTGCAA 2043R TCAAAAGAAAACCCTGCCTG
1650F GAACAGAATTGGGAAGC 4225R GTCATTGAAAGGTGGGCAGGC
1655F CAGAATCAGAACAGAATTGGGAAGCTGTGG 5153R AAGCCTCATAACCACCAGTGCG
1657F TTGGGAAGCAGTGGATG 6018R CTCCCAATGTCCTCATCTTCATCAC
1929F CCAGGTGATCTAGAAAGTGC 6534R CCATTCACCATCTGCACCTCCTG
2410F TACCTACAACTTCCGGTGG 6877R GGGTCACAGTGGAAAAAGAT
2415F AACTCTACCTACAACTTCCGGTGGTACAC 7250R ATCTCTTCCATCAGCCACTC
2883F CAACTGGGAGTGTGTGGTC 7252R CTGGATTTCTTCCATAAGCCA
4230F TTTGAGTGGCGAACCCAGTATGCCTG 7588R GTCCTCGTCGCTGTCGTCATG
5834F GTGAATGGTGATCGTTGCCCTCCAG oligo 8 GACCACGCGTATCGATGTCGACT,,V
5886F CCCTTCATATTCAATGGGAAGAGC oligo 9 GACCACGCGTATCGATGTCGAC
6129F CCTCCAAAGAAGATGGAGTGC
7263F GAGAATGAAACGGAGTGGCTTATGGA

a Oligonucleotides are numbered relative to the 9090-bp human M6P/IGF2R transcript (GenBank Accession number:
NM_000876). PCR primer use is described in Materials and methods. Oligo 8 and oligo 9 are commercially available
(Roche Boehringer Mannheim, Indianapolis, Ind.).

al. 2000). Inclusion of these novel sequences allowed us to split electrophoresis, and appropriately sized fragments were excised, purified
long branches in the phylogeny and to test the ability of the M6P/ (GenElute, Sigma Chemical Co., St. Louis, Mo.), and PCR sequenced. A
IGF2R to resolve the interordinal relationships among mammals. partial fish (Xiphophorus maculatus x Xiphophorus helleri) M6P/IGF2R

sequence was obtained from GenBank (Accession Number AJ278449).

Materials and methods
Phylogenetic methods. M6P/IGF2R amino acid sequences were aligned

Tissue samples. Short-beaked echidna (Tachyglossus aculeatus) samples using ClustalX (Higgins et al. 1992), with regions of ambiguous homology

were obtained from animal victims of car accidents. Samples of the Tas- excluded por to phylogenetic analysis. The assumption of amino actd

manian subspecies of Macropus rufogriseus, the Bennett's wallaby, were frequency stationarity among taxa (i.e., constant amino acid frequencies

obtained from Lenah Game Meats, Launceston, Tasmania. European among lineages) was evaluated using X2 tests in Tree-Puzzle 5.0 (Strimmer
and von Haeseler 1996). Phylogenetic trees were constructed by usinghedgehog (Erinaceus europaeus) tissue was obtained postmortem from an and parseler (MP), maxic trees were minimumted yus

ailing animal euthanized by a veterinarian at Duke University Medical maximum parsimony (MP), maximum likelihood (ML), minimum evolu-
Center Vivarium. New Zealand white rabbit tissue was obtained from the tion (ME), and split decomposition (reviewed by Swofford et al. 1996). We

Duke University Medical Center Vivarium. Domestic pig (Sus scrofa) performed the MP analyses in PAUP*4.Ob4a (Swofford 1998), using equal

muscle was obtained from Neese's Sausage, Burlington, North Carolina, weights and the Blosum 80 step matrix (Henikoff and Henikoff 1992). All

USA. Brown bat (Myotis lucifugus) samples were provided by the North MP analyses employed a heuristic search strategy with start trees obtained

Carolina Wildlife Commission. Tree shrew (Tupaia glis) tissue was do- via stepwise addition with 10 random addition replicates followed by TBR
nated from the archives of David Fitzpatrik, Duke University Medical branch swapping. ML trees were constructed with a global search by using

Center. Philippine flying lemur (Cynocephalus volans) tissue was a kind Proml from the Phylip 3.6a package (Felsenstein 1993) under the Dayhoff

gift from the Field Museum, Chicago, USA. Ringtail lemur (Lemur cotta) et al. (1978) model with rate categories constrained to fit a discrete gamma

tissues were from the archives of the Duke University Primate Facility. In distribution (Yang 1994). The gamma distribution was estimated by using

most cases, tissues were dispatched to Duke University Medical Center in Tree-Puzzle 5.0. ME trees were constructed in PAUP*4.Ob4a from dis-

RNALater (Ambion, Austin, TX) until DNA and RNA extraction, tances estimated in Protdist from Phylip 3.6a under the Dayhoff et al.
(1978) model with a gamma correction as described above. Log Determi-
nant (Lockhart et al. 1994) distances with conserved site removal were

M6P/IGF2R cloning. Total RNA was isolated from 50 mg of animal estimated in SplitsTree 3.0 (Huson 1998). Shimodaira-Hasegawa (1999)
tissue by homogenization in RNA-Stat 60 (Tel-Test, Friendswood, Texas). tests were performed with PAML 3.0 (Yang 1997) under the Dayhoff et al.
First-strand cDNA was synthesized from 1-5 jig of total RNA by using (1978) and JTT-F (Jones et al. 1992) models with among-site rate variation
SuperScript II (Life Technologies, Baltimore, Md.) and oligo 8 (Roche described by using a discrete gamma distribution. The test statistic for the
Boehringer Mannheim, Indianapolis, Ind.) as the primer for reverse tran- Shimodaira-Hasegawa (1999) test was obtained by comparing the ML
scription (Table 1). We have previously described the design and imple- topology with the most likely topology under the constraint that the mar-
mentation of a battery of non-degenerate PCR primers for cross-species supial and monotreme taxa form a monophyletic group.
M6P/IGF2R amplification of opossum and platypus orthologes (Killian et
al. 2000). Briefly, the use of primers 31 IF, 589F, and/or 617F with 1078R
yielded a correct amplimer for all species tested and allowed us to obtain Results and discussion
species-specific M6P/IGF2R sequence (Table 1). To reduce the complexity
of the PCR template, we then performed 3'-RACE according to the manu- Alignment of the M6P/IGF2R genes yielded a data set containing
facturer's protocol (Life Technologies) with a species-specific M6P/IGF2R 2257 amino acid sites from each of the 15 mammals and the
primer and oligo 9 (Table 1) (Roche Molecular Biochemicals, Indianapolis, chicken outgroup. Of these sites, 1408 were varied and 973 were
Ind.). Typical PCR reactions used 1% of the RNA-to-cDNA RT products, parsimony informative. We report herein only the analyses of the
1.5 U Expand Long Template DNA polymerase mix (Roche Molecular amino acid sequences that contained sufficient variation to gener-
Biochemicals) 1 RM of each primer, and 500 IýM dNTPs in a 50 pVl PCR ate robust estimates of the mammalian phylogeny. All of our phy-
reaction volume (94°C x 20 s, 55°C x 5 s, and 68°C x 3 min for 35 cycles). ater etimates on the grouping of ouripy
Unpurified 3'-RACE product (1 [I1) was then used as template in additional logenetic analyses strongly support the grouping of the eutherian
cross-species M6P/IGF2R PCR amplifications by using various combina- mammals with the marsupials, consistent with the traditional. The-
tions of non-degenerate cross-species M6P/IGF2R oligos and identified ria hypothesis, but not with the Marsupionta hypothesis (Fig. 1). In
species-specific oligos; the PCR reaction parameters were identical to particular, MP, ML, and ME analyses of M6P/IGF2R sequences
those previously described. PCR products were analyzed by agarose gel resulted in 100% bootstrap support for the grouping of marsupials
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8 Hainsectivore, the mole, and the bat. The observation that phyloge-
Maximum Parsimony 58 7 netic analyses of a number of nuclear genes support the affinity ofMinimum Evolution 02 anlye gns . fint

Maximum Likelihood 45 Lemur the hedgehog with the Feruungulata and/or Chiroptera (Stanhope
48

Cougo et al. 1998; Springer et al. 1999; Waddell et al. 1999b; this study)indicates that the hedgehog is almost certainly misplaced in mostL3 Tree Shrew studies of whole mitochondrial genomes.
74 100

100 Mouse All of our analyses support the Eucharonta clade (Waddell et
1 0 Eutheria al. 1999b), containing the orders Primates, Dermoptera, and Scan-

l00 Rt dentia. Estimates of bootstrap support are low under MP (48%)
100 Rabbit and ML (39%), yet they are high under ME (88%). This grouping

Theria 99 appears to conflict with the analyses of whole mitochondrial ge-Thera I1o0 Pig
,1 0 nomes described by Schmitz et al. (2000); however, the bootstrap

10 -- Cow support values they obtained for a Lagomorph + Scandentia clade
lOO 6 are low, and a Scandentia + Primate grouping could not be rejected

9when the complete data set was used. The phylogenetic analyses of
5 Hedgehog four nuclear genes and three mitochondrial genes described by

100orWaym I Teeling et al. (2000) also yielded a Dermoptera + Primate clade
Oos Metatheria with moderate bootstrap support, consistent with the results of our

IýLE [Pstudy.
100 -Interestingly, all of our phylogenetic analyses support the100 -P Prototheria grouping of rodents and lagomorphs in the Glires clade. The Glires

d I grouping is somewhat controversial, although support from mor-
SChicken phological (Liu and Miyamoto 1999), paleontological (Meng et al.

0.1 substitutions/ site 1994), and embryological (Lucket and Hartenberger 1993) studies

Fig. 1. Phylogenetic tree constructed by maximum likelihood from M6P/ is strong. Estimates of statistical support from various molecular
IGF2R amino acid sequences. Bootstrap values showing statistical support data sets (Halanych 1998; Huchon et al. 1999; Waddell et al.
are given adjacent to each node. From the top: weighed maximum parsi- 1999a; Robinson-Rechavi et al. 2000) have typically been moder-
mony, minimum evolution [Dayhoff et al. (1978) model with a F-correc- ate, as is the bootstrap estimate we have obtained under ML (64%).
tion], and maximum likelihood [Dayhoff et al. (1978) model with distrib- We suspect that the generally low level of support for the Glires
uted rates]. clade observed in all molecular studies to date stems in part from

poor taxon sampling of both lagomorphs and rodents.
and eutherian mammals (Fig. 1). Additionally, using the conser- The phylogenetic relationships among Eutherian mammals that
vative Shimodaira-Hasegawa (1999) test, we were able to reject (P we have recovered are largely consistent with the predictions of
< 0.001) the null hypothesis that there is no difference in likelihood Waddell et al. (1999b). These observations are important because
between the ML topology and the constrained Marsupionta tree. they indicate that the M6P/IGF2R gene provides a good source of
Therefore, the results of this test indicate that the data are incon- characters for resolving the higher-order mammalian phylogeny.
sistent with the Marsupionta hypothesis. Additionally, these results indicate that the M6P/IGF2R gene is a

Because the X2 tests for amino acid frequency stationarity in- promising candidate for further resolving relationships among
dicated that the marsupials and the chicken had deviating amino other vertebrate groups.
acid compositions, we constructed minimum evolution trees and The strong genetic support that we have obtained for the Theria
split decomposition networks from log Determinant distances hypothesis strikingly contradicts the mammalian family tree sup-
(Lockhart et al. 1994) with conserved site removal (Penny et al. ported by statistical analyses of whole mitochondrial genomes
1999; Waddell et al. 1999a). These analyses (data not shown) still (Janke et al. 1996; Penny and Hasegawa 1997). Interestingly,
supported the Theria clade with 97% bootstrap support under split Janke et al. (1997) were able to reject the Theria hypothesis only
decomposition. In addition, to test the sensitivity of our analyses to by using the Xenopus laevis mitochondrial sequence as an out-
the outgroup selected, we restricted our alignment to 764 amino group, and not with the much more appropriate chicken sequence.
acid sites in order to use a partial fish M6P/IGF2R sequence. The The statistical tests of topology (Kishino and Hasegawa 1989),
addition of the fish sequence had no effect on the relationships implemented by Janke et al. (1997), also used substitution models
among the three major mammalian lineages, with the Theria hy- that assumed equal substitution rates among sites. This assumption
pothesis receiving 97% bootstrap support under weighted maxi- is known to seriously bias tests of phylogenetic hypotheses in
mum parsimony, and 87% bootstrap support under minimum evo- many situations (e.g., Sullivan and Swofford 1997). Waddell et al.
lution. This observation indicates that our results are insensitive to (1999a) observed that support for the Marsupionta hypothesis was
outgroup selection. Therefore, support for the Theria hypothesis is very poor when conserved mitochondrial tRNA sequences were
strongly independent of the method of phylogenetic reconstruction analyzed, especially under ML. Furthermore, Penny et al. (1999)
employed and does not stem from an incorrect rooting of the determined with the use of the distance Hadamard method that
mammalian tree. there was strong conflict from within the mitochondrial data for

Our phylogenetic analyses also support (64% to 91%) the grouping monotremes with the marsupials.
grouping of the hedgehog with the Feruungulata. This relationship Our findings also contradict the DNA hybridization studies of
was predicted by Waddell et al. (1999b), but contradicts that of Kirsch and Mayer (1998). Their results supported the Marsupionta
some analyses of whole mitochondrial genomes (Mouchaty et al. hypothesis; however, they cautioned that they could be biased by
1999). We also note that our grouping of hedgehog with the Fer- shifts in GC nucleotide content over the tree. There is also debate
uungulata is consistent with other nuclear gene analyses (Stanhope concerning the utility of DNA hybridization data for divergences
et al. 1998) and with maximum likelihood analyses of 1st and 2nd older than 50 million years (Hillis et al. 1996). Thus, the relation-
codon positions from whole mitochondrial genomes (Sullivan and ships among the three major mammalian lineages appear not to be
Swofford 1997). The estimates of bootstrap support are moderate definitely resolved by either the mitochondrial or DNA hybridiza-
(50%-65%) for the grouping of the hedgehog with the bat se- tion studies,
quence. This relationship is not surprising, given that Mouchaty et The results presented herein provide the first genetic sequence
al. (2000) observed a sister group relationship between another data from a large nuclear gene that reconcile genes, epigenetics,
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and morphology in understanding the mammalian family tree, and Kishino H, Hasegawa M (1989) Evaluation of the maximum likelihood
they unambiguously support the accuracy of the Theria hypothesis. estimate of the evolutionary tree topologies from DNA sequences, and

In the Triassic period, monotreme ancestors diverged from the the branching order of Hominicidea. J Mol Evol 29, 170-179

mammalian ancestors that in the late Jurassic/early Cretaceous Kullander K, Carlson B, Hallbook F (1997) Molecular phylogeny and
periods diverged to give rise to marsupial and eutherian mammals. evolution of the neutrophins from monotremes and marsupials. J Mol

It is significant that apomorphies of the therian ancestors, such as Evol 45, 311-321
the braincase, cranial nerve architecture, and reproductive physi- Lakshmi YU, Radha Y, Hille-Rehfeld A, von Figura K, Kumar NS (1999)

ology do not need to be reclassified as convergences, a problem Identification of the putative mannose 6-phosphate receptor protein

created previously by both mitochondrial DNA and DNA hybrid- (MPR 300) in the invertebrate unio. Biosci Rep 19, 403-409

ization studies. Furthermore, our findings support the postulate Lewis OJ (1983) The evolutionary emergence and refinement of the mam-

that the imprinting of growth-regulatory genes, such as M6P/ malian pattern of foot architecture. J Anat 137, 21-45

IGF2R is an apomorphy of viviparous mammals, further distin- Liu F-G, Miyamoto (1999) Phylogenetic assessment of molecular and

guishing them from oviparous taxa. morphological data for Eutherian mammals. Syst Biol 48, 54-64
Lockhart PJ, Steel MA, Hendy MD, Penny D (1994) Recovering evolu-

tionary trees under a more realistic model of sequence evolution. Mol
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M6P/IGF2R encodes a multifunctional protein involved in lysosomal enzyme trafficking, fetal
organogenesis, tumor suppression, and cytotoxic T cell-induced apoptosis. M6P/IGF2R is im-
printed and expressed only from the maternally inherited allele in marsupials and rodents. In
contrast, humans were initially reported to differ from the imprinted mammalian orders by not
having an imprinted M6P/IGF2R; however, some studies now suggest M6P/IGF2R imprinting
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the imprint status of human M6P/IGF2R and loss of heterozygosity at this locus in cancer have
been hindered by a lack of readily usable polymorphisms. To facilitate these genetic analyses, we
have screened American and Japanese populations for M6P/IGF2R single nucleotide polymor-
phisms (SNPs). We have identified nine novel SNPs intragenic to human M6P/IGF2R, and have
described experimental conditions for their optimal use. Three identified amino-acid variants in
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1999a]. The M6P binding site of this receptor tients with autoimmune diseases [Tarrago et al.,
mediates lysosomal enzyme trafficking, latent 1999]. Furthermore, the M6P/IGF2R facilitates
TGF-beta activation, and cell-mediated cyto- T cell activation by internalizing CD26/DPPIV
toxic cell death [Jirtle, 1999b; Motyka et al., (dipeptidyl peptidase IV), a cell surface T cell
2000]. M6P binding is the most ancient func- activation antigen [Ikushima et al., 2000]. Other
tion attributed to this receptor, and it is present recent findings indicate that Granzyme B inter-
in invertebrates [Lakshmi et al., 1999], fish nalization by M6P/IGF2R is required for cyto-
[Nadimpalli et al., 1999], amphibians and birds toxic T cells to induce apoptosis [Motyka et al.,
[Clairmont and Czech, 1989], and mammals 2000]. The characterization of M6P/IGF2R al-
[Killian et al., 2000]. The viviparous mamma- lelic variants, including those that are non-syn-
lian M6P/IGF2R also contains an independent onymous and alter the protein product, will
binding site for IGF2; however, the marsupial facilitate analysis of genetic linkage between
homologue binds IGF2 with a 70-fold lower af- immunopathologies and M6P/IGF2R.
finity than that of eutherian mammals. This dif- M6P/IGF2R is expressed only from the ma-
ference in binding efficiency has been traced to ternally inherited allele in members of the mar-
repeat domain 11 of the receptor [Jirtle, 1999b; supial [Killian et al., 2000] and rodent lineages
Killian et al., 2000]. Rather than provide an in- [Barlow et al., 1991; Hu et al., 1998; Mills et al.,
tracellular signal promoting cell growth, M6P/ 1998] while egg-laying animals are not imprinted
IGF2R internalizes and delivers bound IGF2 to at this locus [Killian et al., 2000; Nolan et al.,
the lysosomal compartment for degradation. Re- 2001]. These observations are consistent with
ceptor acquisition of an IGF2 binding site oc- an ancestral mammalian origin of M6P/IGF2R
curred following the divergence of therian imprinting roughly 150 million years ago; alter-
mammals (i.e. marsupials and true placental mam- natively, M6P/IGF2R imprinting may have
mals) from the egg-laying monotreme mammals evolved convergently. Intriguingly, the human
and non-mammalian vertebrates [Killian et al., M6P/IGF2R is reported to have diverged from
2000]. Thus, the history of M6P/IGF2R evolu- the imprinted mammalian orders such that in-
tion reveals that its M6P binding function pre- dividuals inherit two functional alleles [Kal-
dates that for IGF2 by at least 300 million years. scheuer et al., 1993; Ogawa et al., 1993; Smrzka

M6P/IGF2R plays a critical role in embryonic et al., 1995; Riesewijk et al., 1996]; however,
development, immunity, and tumor suppression. other reports suggest that imprinting at this lo-
M6P/IGF2R deficiency during murine develop- cus is a polymorphic trait in humans with a mi-
ment is associated with cardiac abnormalities, nority population expressing only one copy of
cleft palate, fetal overgrowth, and perinatal le- this gene [Xu et al., 1993; Xu et al., 1997;
thality [Lau et al., 1994; Ludwig et al., 1996; Riesewijk et al., 1998]. Polymorphic imprinting
Wang et al., 1997; Melnick et al., 1998]. Re- of M6P/IGF2R is predicted to predispose people
cently, in an experimental model of "large off- to cancer because of the inheritance of a haplo-
spring syndrome," Young et al. [2001] identified insufficient tumor suppressor gene [Xu et al.,
epigenetic changes intragenic to M6P/IGF2R 19971. Recessive mutations and/or iatrogenic
that correlate with decreased gene expression epimutations affecting embryonic and post-na-
and fetal overgrowth in livestock progeny which tal development would also show increased pen-
had been cultured in vitro during pre-implanta- etrance in imprinted individuals who have no
tion development. Consistent with the receptor's recourse to a functional wild type allele.
role in regulating cell growth and tissue prolif- The essential question of whether some hu-
eration, genetic analyses reveal frequent M6P/ mans inherit an imprinted M6P/IGF2R is still
IGF2R loss of heterozygosity in liver, lung, breast, unresolved because allelic expression analysis is
and ovarian cancer [De Souza et al., 1995; hindered by a dearth of characterized polymor-
Hankins et al., 1996; Kong et al., 2000; Rey et phisms within the coding sequence. We have
al., 2000], and M6P/IGF2R is a common target herein identified nine novel human M6P/IGF2R
of microsatellite instability in gastrointestinal tu- polymorphisms to further facilitate such stud-
mors [Souza et al., 1996; Ouyang et al., 1997]. ies, and have compiled them into a table with

Interestingly, the M6P/IGF2R has been iden- those previously characterized. We also have
tified as a novel target of autoantibodies in pa- described experimental conditions for their op-
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timal use, and have discussed those polymorphic can, and two Asian American) and 50 Japanese
variants prone to artifactual results. individuals. PCRs were performed with 50-100

ng template DNA, 1.5 U Platinum Taq DNA
MATERIALS AND METHODS polymerase, 15 pmol primers, 1.5 mM MgC12 and

DNA Samples 100 ýtM dNTPs in a 30 jtL PCR reaction vol-

Blood samples for DNA genotyping were ob- ume (94°C x 15 sec, 55°C x 5 sec, and 72°C xtained from healthy adults at Duke University 45 sec for 30-35 cycles). Genotypes were con-

Medical Center in the United States and Fukuoka firmed by DNA sequencing. The distribution of
University Hospital in Japan. Use of these samples allelic variants among American and Japanese
was approved by the Duke University Medical populations was analyzed by chi-square tests. To
Center Institutional Review Board. Genomic DNA decrease the likelihood of alpha- error associated
was extracted from blood according to the with multiple testing, only differences with
manufacturer's protocol (QIAamp DNA Blood P<0.01 were considered statistically significant.
Kit, QIAGEN Inc., Valencia, CA). RESULTS

Human M6P/IGF2R SNP Identification The population-specific frequency of one pre-

The 48 individual M6P/IGF2R exons with ap- viously identified [Zhong et al., 1999], and nine
proximately 100 bp flanking intronic sequence novel M6P/IGF2R single nucleotide polymor-
were PCR-amplified from 12 individuals using phisms (SNPs) are provided in Table 2. Allele
oligonucleotides previously described [Killian and frequencies were derived from analysis of 50
Jirtle, 1999]. PCRs were performed with 50-100 Japanese and 43 Americans (16 black, 25 white,
ng template DNA, 1.5 U Platinum Taq DNA two Asian). No statistically significant differ-
polymerase (Life Technologies, Baltimore, MD), ences in allelic distribution were found between
15 pmol primers, 1.5 mM MgC12 and 100 ýtM black and white Americans, so these populations
dNTPs in a 30 gtL PCR reaction volume (94°C x were pooled in subsequent analyses. Comparing
15 sec, 55°C x 5 sec, and 72°C x 45 sec for 30-35 the American and Japanese samples, highly sig-
cycles). Amplimers were analyzed and extracted nificant differences in allelic distribution were
from 2% agarose gel (GenElute, Sigma, St. Louis, found for six of the 10 SNPs. The polymorphisms
MO), and sequenced either manually (Thermo c.1197A>G, c.1737G>A, and c.2286G>A,
Sequinase, USB, Cleveland, OH) or on the ABI have been described as silent mutations in ova-
Prism 377 using BigDye terminators (PE Bio- rian cancer [Rey et al., 2000]. Our analysis shows
systems, Foster City, CA). SNPs were identified that these variants represent common polymor-
as sequence dimorphisms in the sequenced DNA phisms in the human population, and suggests
or di-allelic homozygous alternates. no particular relationship to ovarian cancer. Two

of the 10 polymorphisms are transversions
Human M6P/IGF2R SNP Analysis (c.901C>G and IVSX47-5A>T), while the

PCR primers for amplification of the 10 M6P/ remainder are transitions.
IGF2R SNPs are given in Table 1. The allele fre-
quencies of these 10 polymorphisms were deter- DISCUSSION
mined in a total of 93 individuals, including 43 We have identified novel allelic variants of
American (25 white American, 16 black Ameri- the human M6P/IGF2R, and have shown that

TABLE 1. PCR Primers for Analysis of Human M6P/IGF2R SNPs

SNP Location F primer R primer

c. 901C>G Exon 6 CTAAGGGTACTGTGATTATCACTC GAAAGTCAGGTCCTTGCTGGAG
IVS8-22G>T Intron 7 GTGGAAAATCTGCATTAAGCTGCATG CCTTCTTCCTAAGCAGCGCC
c. 1197A>G Exon 9 GACTAAGTAAGACTGTAATCTTCTAATACC CGCACAGAGGTTGTTGACGTAC
c. 1737A>G Exon 12 GTGACTCAGAGAAATGAGCATTGC CTAACTCATTCCAAACTGGATGCC
c. 2286A>G Exon 16 GTGACTCCTCACGTCGCTCACG CACAGGCATGAGTATCCTCAGG
IVS23-42C>T Intron 22 CTGCACTGTGCTTGTGGGCTGC GACTCTI'GACCGGCCTCTCAGTTC
c. 5002A>G Exon 34 GAAATTGATGGTCCTGACTTGCG GCACTGGAGATGCACTTCTCC
c. 6206A>G Exon 40 GCATAGACACAGTGACAGTCTGATC GCAGTCTGAAGTTCACATGC
IVS47-107A>G Intron 46 CCATGCCCTCTCTACACTGGAG CCTGATGAGAACGACATGGACAGC
IVS47-5A>T Intron 46 CCATGCCCTCTCTACACTGGAG CCTGATGAGAACGACATGGACAGC
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TABLE 2. Allelic Variants of Human M6P/IGF2R

Amino acid American Japanese
Variant change Allele n (%) Frequency n (%) Frequency P value

c. 901C>G CTG>GTG CC 32 (74.4) C=0.8721 28 (56.0) C=0.7500 0.086
(Exon 6) Leu >Val CG 11 (25.6) G=0.1279 19 (38.0) C=0.2500

GG 0 (0) 3 (6.0)
IVS8-22G>T GG 1 (2.3) G=0.1977 12 (24.0) G=0.5100 7 x 105

(Intron 7) GT 15 (34.9) T=0.8023 27 (54.0) T=0.4900
TT 27 (62.8) 11 (22.0)

c. 1197A>G TCA>TCG AA 24 (55.8) A=0.6744 2 (4.0) A=0.2400 2 x 10-
(Exon 9) Ser AG 10 (23.3) G=0.3256 20 (40.0) G=0.7600

GG 9 (20.9) 28 (56.0)
c. 1737A>G GGA>GGG AA 7 (16.3) A=0.3023 30 (60.0) A=0.7800 5 x 10-8

(Exon 12) Gly AG 12 (27.9) G=0.6977 18 (36.0) G=0.2200
GG 24 (55.8) 2 (4.0)

c. 2286A>G ACA>ACG AA 12 (27.9) A=0.5116 3 (6.0) A=0.2500 0.002
(Exon 16) Thr AG 20 (46.5) G=0.4884 19 (38.0) G=0.7500

GG 11 (25.6) 28 (56.0)
IVS23-42C>T CC 2 (5.0) C=0.2250 7 (14.0) C=0.3500 0.203

(Intron 22) CT 14 (35.0) T=0.7750 21 (42.0) T=0.6500
TT 24 (60.0) 22 (44.0)

c. 5002A>G AGG>GGG AA 0 (0) A=0.1512 1 (2.0) A=0.1700 0.647
(Exon 34) Arg>Gly AG 13 (30.2) G=0.8488 15 (30.0) G=0.8300

GG 30 (69.8) 34 (68.0)
c. 6206A>G AAC>AGC AA 38 (90.5) A=0.9524 22 (44.0) A=0.6500 1 x 10-

(Exon 40) Asn>Ser AG 4 (9.5) G=0.0476 21 (42.0) G=0.3500
GG 0 (0) 7 (14.0)

IVS47-107A>G AA 20 (47.6) A=0.6429 6 (12.0) A=0.4000 8 x 104
(Intron 46) AG 14 (33.3) G=0.3571 28 (56.0) G=0.6000

GG 8 (19.1) 16 (32.0)
IVS47-5A>T AA 5 (11.6) A=0.2558 8 (16.0) A=0.4000 0.059

(Intron 46) AT 12 (27.9) T=0.7442 24 (48.0) T=0.6000
TT 26 (60.5) 18 (36.0)

Polymorphisms in the coding region and introns are numbered according to Morgan et al. [1987], with nomenclature based on
Antonarakis [1998]. Intronic polymorphisms are amplified with the published primers for the nearest exon [Killian and Jirtle,
19991. Note the presence of non-synonymous polymorphisms in exon 6 (c. 901C>G, Leu252Val); exon 34 (c. 5002G>A,
Gly1619Arg); and exon 40 (c. 6206A>G, Asn202OSer). P value refers to the significance of statistical comparison between
American and Japanese allele frequencies at each SNP locus.

they are present in both the American (black Japanese is the non-synonymous c.5002A>G. The
and white) and Japanese populations, although American and Japanese populations analyzed in
at different frequencies (Table 2). Because these this study both contained 30% heterozygosity at
polymorphisms are shared by these populations, this locus. However, when we split the American
they were possibly present prior to the geographic population by race, we noted a discrepancy in
separation of ancestors common to blacks, c.5002A>G heterozygote frequency, with 12.5%
whites, and Japanese. Alternatively, the variants and 36% heterozygosity in black and white, respec-
could have originated after the divergence of tively (P= 0.098). Analysis of native African and
these populations with subsequent introgression. European populations would help elucidate
Because of the abundance of SNPs with popula- whether c.5002A>G is ancestral to humans, or
tion-specific frequencies, the M6P/IGF2R may whether it has arisen convergently in one or more
serve as a model gene for future analyses of hu- populations, with subsequent introgression into the
man relatedness and diasporas. Comparison of black American gene pool.
the combined American versus Japanese popu- It is striking that three out of six of the poly-
lations reveals that six out of 10 SNPs have sig- morphisms we identified within the human M6P/
nificantly different allele frequencies (P<0.01). IGF2R coding region are non-synonymous.
These SNPs include IVS8-22G>T, c.1 197A>G, While c.901C>G, Leu252Val is a relatively con-
c.1737A>G, c.2286A>G, c.6206A>G, and servative amino acid change, c.5002G>A,
IVS47-107A>G. Glyl619Arg, and c.6206A>G, Asn202OSer

Interestingly, the M6P/IGF2R variant manifest- variants differ substantially. The c.901C>G,
ing the least difference between Americans and Leu252Val resides in repeat domain 2 of the
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M6P/IGF2R protein, a domain reported to be use of "GC-rich" sequencing protocols, includ-
involved in M6P binding [Jirtle, 1999b]. The ing substituting deoxyinosine for deoxyguanosine
c.5002G>A, Glyl619Arg falls within repeat when DNA sequencing. These compression ar-
domain 11 of the protein, which contains the tifacts are not observed using the ABI automated
IGF2 binding site [Jirtle, 1999b]. Finally, sequencer with BigDye terminators.
c.6206A>G, Asn202OSer is within repeat do- There are two previously described polymor-
main 13, which reportedly is an IGF2 affinity- phisms in the distal end of the 3' UTR that are
enhancing domain [Jirtle, 1999b]. particularly problematic for PCR analysis: a GT

Although c.901C>G, Leu252Val (exon 9) is dinucleotide repeat polymorphism [Goto et al.,
not a radical alteration, there is strict conserva- 1992] and a tetranucleotide insertion/deletion
tion of leucine at this position in the alignment [Hol et al., 1992]. The GT repeat is prone to
of platypus, opossum, mouse, rat, and cow M6P/ the usual Taq DNA polymerase slippage artifacts
IGF2R [Killian et al., 2000]. Because this amino during PCR, and the results can be further ob-
acid variation occurs in the M6P binding region, fuscated by the presence or absence of the
it may affect functions including lysosomal en- tetranucleotide insertion/deletion that is only 27
zyme trafficking, TGF-3 activation, and cyto- bp away. The PCR primers initially reported by
toxic T-cell mediated tumor cell apoptosis. Goto et al. [1992], and utilized in some studies

Concerning c.5002G>A, Gly1619Arg, we of human M6P/IGF2R imprinting, in fact hybrid-
also note strict conservation of glycine at this ize directly to the tetranucleotide insertion/de-
position in platypus, opossum, mouse, rat, and letion, such that primer binding is dependent
cow [Killian et al., 2000], suggesting that upon the status of the ACAA insertion/deletion
Arg1619 may indeed have a functional conse- polymorphism. Results are therefore often diffi-
quence in humans. Because of its positioning in cult to interpret when the 3' UTR GT-repeat
the IGF2-binding repeat domain 11, the func- polymorphism is used for parental allelic analy-
tional consequence of inheriting a heterozygous sis. In contrast, we invariably obtain unambigu-
Glyl619Arg M6P/IGF2R complement may af- ous and reproducible results when samples are
fect IGF2 binding. Because fetal growth is largely characterized using the SNPs reported herein.
controlled byM6P/IGF2R-mediated IGF2 deg- Regardless of which polymorphism is em-
radation, the IGF2-binding domain variants of ployed, we have observed frequent stochastic
human M6P/IGF2R are potentially involved in amplification of one variant over another when-
offspring size in humans. The possible involve- ever more than one round of PCR and/or greater
ment of c.5002G>A in human pathology re- than 35 cycles in a single round of PCR are used.
quires further linkage and functional studies. If insufficient starting template is available to
Interestingly, Glycine 1619 is conserved in platy- yield a robust amplimer in a single round of PCR,
pus, an animal whose M6P/IGF2R reportedly results must be confirmed by several repeat
does not bind IGF2 [Killian et al., 2000]. analyses, and preferably with more than one

The third non- synonymous polymorphism in polymorphism.
the M6P/IGF2R coding sequence, c.6206A>G, To summarize our experience with M6P/
Asn202OSer (exon 40), occurs at a relatively IGF2R allelic analysis, we recommend using
variable position in the mammalian comparison SNPs rather than the GT-repeat polymorphism
[Killian et al., 2000]: platypus and opossum have for M6P/IGF2R allelic expression and LOH
an aspartic acid, mouse and rat a glutamic acid, analyses. Starting template of sufficient quality
and cow an asparagine. Elucidating the roles of and concentration should be used to ensure ro-
these protein-altering M6P/IGF2R variants in bust amplification in less than 35 total PCR
human traits requires biochemical investigation, cycles. In the case of small quantities of tissue or

Experimentally, while most M6P/IGF2R poly- paraffin-embedded tissues in which this is not
morphisms clearly distinguished the parental alle- always possible, repeat analyses must be per-
les, there are some precautions. The c.2286A>G formed to rule out stochastic amplification. It is
and c.5002G>Apolymorphic sites in exons 16 and important to note that of the published papers
34, respectively, show band compressions when addressing the issue of M6P/IGF2R imprinting
sequenced manually with radio-labeled termi- in humans, deviation from biallelic expression
nators, i.e., Thermo Sequenase. This requires the has only been reported when using the ACAA
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insertion/deletion and GT-repeat polymorphisms Hankins GR, De Souza AT, Bentley RC, Patel MR, Marks JR,

[Kalscheuer et al., 1993; Ogawa et al., 1993; Iglehart JD, Jirtle RL. 1996. M6P/IGF2 receptor: a candi-

Riesewijk et al., 1996; Smrzka et al., 1995]. date breast tumor suppressor gene. Oncogene 12:2003-Rieswij etal. 196; Srzk etal. 195]. 2009.

Whether these reports will be supported by ex-

pression studies using these novel SNPs remains Hol FA, Geurds MP, Hamel BC, Mariman EC. 1992. Improv-

to be determined, ing the polymorphism content of the 3' UTR of the hu-

In conclusion, our identification and charac- man IGF2R gene. Hum Mol Genet 1:347.

terization of nine novel M6P/IGF2R SNPs is es- Hu JF, Oruganti H, Vu TH, Hoffman AR. 1998. Tissue-spe-

sential for researchers to address several cific imprinting of the mouse insulin-like growth factor II
receptor gene correlates with differential allele-specific

questions pertaining to human development, DNA methylation. Mol Endocrinol 12:220-232.
cancer, and imprinting. These include: 1) de- Ikushima H, Munakata Y, Ishii T, Iwata S, Terashima M,
termining whether some humans inherit a can- Tanaka H, Schlossman SF, Morimoto C. 2000. Internal-
cer-predisposing, imprinted M6P/IGF2R; 2) ization of CD26 by mannose 6-phosphate/insulin-like
evaluating the role ofM6P/IGF2R allelic loss in growth factor II receptor contributes to T cell activation.
cancer patient prognosis and response to Proc Natl Acad Sci USA 97:8439-8444.
therapy; 3) determining the M6P/IGF2R muta- Jirtle RL. 1999a. Genomic imprinting and cancer. Exp Cell

tion status in cancers from different ethnic popu- Res 248:18-24.
lations; and 4) assessing the potential influence Jirtle RL. 1999b. Mannose 6-phosphate receptors. In: Creidton

of human embryo culture procedures such as IVF TE, editor. Encyclopedia of molecular biology. New York:
on M6P/IGF2R expression. The availability of Wiley-Liss, Inc. p 1441-1447.
abundant, high-quality M6P/IGF2R polymor- Kalscheuer VM, Mariman EC, Schepens MT, Rehder H,
phisms will enable these important questions to Ropers H-H. 1993. The insulin-like growth factor type-2
be rapidly and conclusively resolved. Finally, just receptor gene is imprinted in the mouse but not in hu-
as M6P/IGF2R is a model gene for mammalian mans. Nat Genet 5:74-78.
phylogenetic inference [Killian et al., 2001], we Killian JK, Jirtle RL. 1999. Genomic structure of the human
expect population analyses of M6P/IGF2R vari- M6P/IGF2 receptor. Mamm Genome 10:74-77.
ants to be highly informative for studies of hu- Killian JK, Byrd JC, Jirtle JV, Munday BL, Stoskopf MK,
man evolution, relatedness, and diasporas. MacDonald RG, Jirtle RL. 2000. M6P/IGF2R imprinting

evolution in mammals. Mol Cell 5:707-716.
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